Abstract-A blind approach to evaluate the perceptual sharpness present in a natural image is proposed. Though the existing literature demonstrates a set of variegated visual cues to detect or evaluate the absence or presence of sharpness, we emphasize in the current work that high frequency content and local standard deviation can form strong features to compute perceived sharpness in any natural image, and can be considered an able alternative for the existing cues. Unsharp areas in a natural image happen to exhibit uniform intensity or lack of sharp changes between regions. Sharp region transitions in an image are caused by the presence of spatial high frequency content. Therefore, in the proposed framework, we hypothesize that using the high frequency content as the principal stimulus, the perceived sharpness can be quantified in an image. Using extensive experiments, the performance of the proposed framework is demonstrated in terms of different filters and varying pooling strategies. The experiments conducted on four publicly available databases demonstrate improved performance of the proposed framework over that of the state-of-the-art techniques for blind evaluation of perceptual degradation resulting due to the presence of blur.
INTRODUCTION
The sharpness present in an image is indicative of the manifestation of the fine details present in it. When the term perceived sharpness is used, we essentially refer to the amount of sharpness that is perceived by a human observer from the image. Sharpness is reduced in an image by the presence of blur, which can be naturally introduced by motion or varying focus and also artificially introduced by filtering techniques. Perceived sharpness assessment can be considered as a special type of image quality assessment (IQA) that evaluates the degradation of pristine quality image mainly due to the presence of blur [1] . IQA has been gaining a lot of interest since the last decade due to its applicability in multimedia systems. Blind application specific IQA [2] is one of the interesting branches of IQA. These techniques will also be called (No-reference) NRSpecific, to segregate them from the NR-General techniques which can evaluate images having different types of distortions together. As distortion and its nature become known in application specific IQA, specific visual cues and information can be used to describe the distorted image even without the help of the reference or pristine quality image.
Some examples of this branch are techniques which include evaluation of perceptual image blur or sharpness [1] , blocking artifacts [3] , ringing artifacts [4] . In this work, we concentrate on the perceptual degradation caused by lack of image sharpness or due to the presence of blur. The perceptual sharpness measure represents any image with a scalar value signifying the amount of sharpness present in it. Thus, image enhancement techniques [5] that require performance evaluation related to sharpness can also use these measures. Image compression, deblurring, restoration, registration and different applications requiring quality evaluation may not have the reference image available. Hence, blind or NR evaluation of degradations becomes necessary. Over the years, several techniques (different types of techniques are discussed in [6] ) related to the detection and analyses of blur or sharpness have been proposed. The techniques are classified as spatial domain and transform domain depending on which domain the features are extracted from. When features using both domains are used, a hybrid domain method results from it. However, objective techniques related to the assessment of perceptual degradation caused by lack of sharpness are relatively newer. Presence of sharpness implies existence of high frequency content [7] . It is widely agreed that the attenuation of high frequency content can cause an image to get blurred [6] . Thus, in the approach of Vu et al. [6] , spectral slope was used to measure the attenuation of the high frequency content. As seen in [1] , the local content of image is also responsible for the perceived degradation caused by blur. Motivated by the aforementioned works, we hypothesize that the high frequency content in the form of high pass filtered image, with proper exponent, can be used as the principal stimulus for evaluation of degradation caused by blur. The contrast information in the form of local standard deviation can be used as weights for the high frequency content. Extensive experiments are carried out to demonstrate the dependence of the performance on the exponent. High frequency content individually obtained from the three types of high pass filters has been used to validate the ability of these contents to serve as the stimulus in the proposed framework. Also, four types of pooling strategies are used to analyze the performance of the framework. The rest of the paper is organized as follows. The proposed method is discussed in details in Section 2. The experiments related to the proposed framework are presented in Section 3. Finally, we conclude in Section 4.
II. PROPOSED FRAMEWORK
The block diagram of the framework is presented in Fig.1 with necessary symbols and equations. We describe the proposed method for a color image for generalization. In case of a grayscale image, the steps for the color image are performed for single channel only. Let be the color image whose perceptual sharpness is to be determined. The pixel values of the image are scaled down between 0 and 1. At first, the image is transformed to YCbCr color space from RGB with the channels denoting luminance and and denoting the chrominance channels. This color space transformation is carried out as YCbCr space exhibits improved perceptual uniformity in contrast to RGB [8] . Then, we extract the high frequency content by convolving the image with the high pass filter as in Eqn 1. In the proposed framework, we have demonstrated the application of three types of high pass filters. They are 1) simple high pass filter (HPF) derived by subtracting the Gaussian low pass filter from the all pass filter, 2) the diagonal subband of the undecimated wavelet transform (UWT), using 'db1' and 3) Laplacian-of-Gaussian filter (LoG). In the rest of the paper, the sharpness measures (SM) computed using HPF, UWT and LoG are referred as HPFSM, UWTSM and LoGSM respectively. In case of UWT, the diagonal subband is chosen as it is the result of processing by two high pass filters whereas each of other the subbands are formed due to the application of at least one low pass filter [9] . Next, from each of these matrices locating and indicating high frequency content, the non-overlapping blockwise means of the high frequency content is subtracted and the absolute values of the differences are used to form matrices , and from , and respectively. This process removes the blockwise high frequency content bias. This is also significant as presence of blur disperses high frequency content and blockwise subtraction of mean high frequency content attempts to remove the dispersion. The blocks are nonoverlapping, mainly because, they minimize the number of such operations. Overlapping blocks may also be used for the same. The size of the non-overlapping blocks used, is fixed for all of our experiments. Now the local standard deviation with the same block size is calculated for all overlapping blocks (overlapping is necessary, as local standard deviation information for all pixels is computed) from the image channels to obtain the matrices , and from , and respectively. The local standard deviation serves as the contrast measure in natural images [10] . The standard deviation is used to weigh the high frequency content to obtain the matrices , and . Each element of the matrices is calculated as shown in Eqn. 2. We know from the aforementioned equation that, if the local contrast is high enough, the high frequency content is weighted more. Now the total stimulus due to the high frequency content weighted by local standard deviation is calculated from Eqn. 3. The raw sharpness map is generated by Eqn. 4 . The values, , and are always less than 1 and greater than zero. Hence natural logarithm of their sum is negative. The closer the sum is to zero, the more is the absolute value of the logarithm. For sharper regions, higher values for contrast and high pass filtered content are expected. Hence, the sum is closer to 1 and is high. For blurred images, the sum will be closer to zero and hence, the denominator will be high leading to lower values of . In order to generate the sharpness score, the border of the sharpness map is discarded depending on the block size, to eliminate the border effect; the remaining map is called . The perceptual quality score is finally obtained from Eqn. 5. In order to enhance the visualization of the sharper regions along with localization, we do the following. First, we calculate from Eqn. 6. The final enhanced blur/sharpness map is calculated by Eqn. 7, where block_median( ) calculates overlapping blockwise median of the matrix for a block size given by . The nature of the proposed framework makes it hybrid, as it uses high frequency content and local contrast for the computation. To compare the mechanism of the proposed method with the other hybrid methods, we find that only S3 [6] provides a comparable blur map and hence, is a likely contender for comparison. However, unlike S3, the computations are in the spatial domain only (though transform domain properties are considered). S3 uses slope of magnitude spectrum (using discrete Fourier transform) and total variation as a measure of contrast and combines the two information using geometric mean. On the contrary, the proposed framework uses high pass filtered image, employs blockwise mean subtraction and combines this information (with proper exponent) with the local contrast using local contrast as weight. Hence, the theoretical and computational differences with S3 are evident. In general, the architecture of the proposed method is simpler and more intuitive in comparison to the other hybrid methods in literature. Now, we present a discussion on the intuitive explanation of the proposed method.
A. Intuitive Explanation of the Proposed Method
The proposed method echoes the psychometric function presented in [11] and expresses: the probability of detection of a stimulus by detector is dependent on the contrast related to the stimulus as shown in Eqn. 8 where is the exponent. From Eqn. 8, we find that the product is of major importance in calculating the probability of detecting the stimulus. The stimulus in our proposed method is the high frequency content derived after the high pass filtering of the signal. We do a basic thresholding in the stimulus by subtracting the blockwise mean as discussed earlier in this section. The is obtained in the form of the normalized local standard deviation. For each channel we calculate the product of the exponentiation of mean subtracted high frequency content and local standard deviation to obtain , and . The exponent can be compared to the exponent in Eqn. 8. However, it differs from in one aspect; values are used for the exponentiation of the principal stimulus only. After that, a summation of these values takes place to generate a score. The final form of the measure in Eqn. 4, is used to increase the range of the values obtained from proposed method. The most important part is therefore the argument of the logarithm present in the denominator for calculating raw sharpness map in this equation. As we designed the measure, the pooling strategies will be dependent more on the higher values of the sharpness map to compute representative perceived sharpness. It is theoretically ensured in the final form that the value of the measure will increase with the increase perceived sharpness.
III. EXPERIMENTS AND RESULTS
In this section, we discuss four experiments conducted using the proposed framework. First, we discuss about the parameter values used in our experiments. Secondly, we discuss the performance of our measure on sets of different images with varying amount of blur in a particular database. In the third experiment, an exhaustive quantitative performance in four databases is presented for various combinations of filters and pooling strategies. A comparative study with several existing methods is presented in the fourth experiment. The four databases used for the experiments are: LIVE [12] , CSIQ [13] , TID2008 [14] and IVC [15] . Reference and corresponding blurred images are available in these databases along with the subjective scores provided by the human observers in the form of mean opinion scores (MOS) or differential mean opinion scores (DMOS). The following evaluation measures are used for analysis: Spearman's Rank-Order Correlation Coefficient (SROCC), Kendall's Rank-Order Correlation Coefficient (KROCC), Pearson's Linear Correlation Coefficient (PLCC) and Root Mean Square Error (RMSE). Each of SROCC, KROCC and PLCC can have maximum value as 1 and the higher they are, the better is the quality of the distortion measure. RMSE is a measure of error with lower values indicating better quality of performance. PLCC and RMSE are calculated after mapping the objective scores obtained from the IQA measures with MOS/DMOS values provided in the databases using a 5-parameter logistic function [16] .
A. Discussion about the Parameters Involved
The block size and map exponent are the two main parameters of the implementation. The block size = 7 is used in every experiment. The higher values of increase the computation time. is the parameter which controls the contribution of stimulus to determine the final quality score. Hence, we have carried out experiments with the values with SROCC as the preferred measure of performance. The effects of change of these values are shown in Fig. 2 (a) using HPFSM and UWTSM. As we see, the performance improves remarkably for values greater than 1. Since, the elements of the matrices , and lie between 0 and 1, an exponent value ( ) less than 1 increases the values. Exponent value greater than 1 decreases their values. We find from the experiments that better performance is achieved, if the values of the stimulus remain same or decrease. In the experiments, is used as for >1, high and stable SROCC values are obtained for all databases.
B. Relationship with Blur
The LIVE database, having 29 reference images, is chosen for this experiment. Several images having varying Gaussian blur levels (indicated by the standard deviation ) are generated from each of these reference images rated by human observers. In Fig. 2(b) , the values of the proposed framework using HPFSM (the pool(.) function with max pooling strategy which uses the maximum value of the as score) are plotted against the all of the standard deviations of the Gaussian blur applied to each of the pristine images to generate the corresponding blurred images. A 3D plot is used to improve the clarity of the results. Also, the DMOS values decrease gradually (along with the increase of blur level applied to the same reference image), indicating loss of sharpness and perceptual quality. The objective scores obtained from HPFSM decrease gradually with the increase of values. Therefore, the HPFSM scores are able to represent the loss of perceptual sharpness resulting due to blur in each set of degraded images derived from the same pristine image. Our next experiment on pristine 'Parrot' image from the LIVE database, shows the blur maps and corresponding scores (using HPFSM) which follows the order of DMOS values in Fig. 3 . The proposed framework is operated with three types of high pass content extraction filters. With each of these filters, we use four pooling strategies (the pool(.) function). Apart from max pooling (explained earlier), percentile pooling using top 1% sharpness values [6] , weighted pooling as used in [17] and combination of weighted and percentile pooling (hence called hybrid) are used to generate the scores. The pooling strategies are based on the property of the HVS to combine visual responses in a non-linear fashion [18] and its inclination towards the sharper regions of the image. The results using twelve different combination of filters and pooling strategies in four databases are presented in Table I . 
C. Comparison with Existing Techniques
We compare the proposed method in four databases against several Full-Reference (FR) and NR quality measures. We compare with two FR-IQA techniques: Peak signal-to-noise ratio (PSNR) and SSIM [19] . Considering the NR methods, in this context, NR-Specific means an NR quality measure that works only on blurriness or sharpness related distortion. The NR-Specific techniques used in comparison are: Hmetric [20] , Q-metric [21] , JNBM [1] , CPBD [22] , S3 [6] and LPC-SI [9] . The NR-General techniques used for comparison are: BRISQUE [23] and BLIINDSII [24] . The qualitative results obtained from the comparison process are presented in Table II . In this experiment for comparison, max pooling strategy has been used for the framework. For each database, the number of images having blur as the distortion is also mentioned. The best performer's score in each database and for each evaluation measure is highlighted in bold and the best technique among the NR-Specific methods is underlined. The average comparison results over all databases are presented in Table III . A direct computation of the average values for SROCC, PLCC and KROCC reveals that UWTSM has the best performance among all the measures. However, when the values are weighted by the number of relevant images present in the corresponding dataset (mentioned in Table II) , SSIM shows the best performance with SROCC. The proposed framework based on Laplacian of Gaussian performs the best with PLCC, while using KROCC, HPFSM is the best performer. As seen from Table III , proposed framework brings about 3% improvements in terms of direct and weighted averages. 
IV. CONCLUSION
We presented a framework for automatic assessment of perceived sharpness in natural images. The framework emphasizes on the application of high frequency content with proper exponent as the stimulus and combining it with the contrast. The logarithm of this combination is used to generate the sharpness map and sharpness score. The performance of the proposed framework is demonstrated to provide improved performance over the state-of-the-art methods. The variation in the performance of the proposed framework is also analyzed for varying values of the exponent and for a combination of three types of high frequency content extraction methods with four types of pooling strategies. We have divided the experiments into distinct parts in order to properly visualize the consistency of performance for the evaluation of changing blur and evaluation of perceived sharpness. The future work involves improving the proposed technique for evaluation of perceived sharpness amidst the presence of different distortions.
